Interactions between an immobilized, heparin-derived octasaccharide and growth factors have been observed using a quartz crystal microbalance-dissipation (QCM-D). This device can measure the amount of growth factors binding to the octasaccharide surface and also the change of dissipation of the surface. Dissipation is a measure of how the adhered material 'damps' the surface vibrations. The octasaccharides were anchored through their reducing ends by the intermediary of the alkanethiol molecule, which covalently binds to the crystal surface through the thiol group. As expected, heparin sulphate binding growth factors bound to the octasaccharide, but the change in mass of growth factor bound per unit change in dissipation is different for the different growth factors. Suggesting that the structures of the various growth factor-octasaccharide complexes are different, therefore, indicates that the change in dissipation can give insights into the structure, orientation and packing of the oligosaccharide-growth factor complexes.
Introduction
Quartz crystal microbalance-dissipation (QCM-D) is a physical technique that has been developed from a device that was used to measure the deposition of metals sputtered on to surfaces into a sensitive technique for monitoring the deposition of various molecules in a liquid environment. We have used this instrument to examine properties of the interactions between growth factors and heparin oligosaccharides. The heparin oligosaccharides were used as a model for the sulphated domains of heparan sulphate, which function as co-receptors. QCM-D was used to measure the relative mass of growth factors binding to heparin octasaccharide and the dissipation (D) caused by the binding of the growth factors. We have developed a robust method for the orientated coupling of oligosaccharides to the quartz crystal and describe a preliminary experiment in which mass Key words: oligosaccharide, protein, quartz crystal microbalance-dissipation.
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and D measurements are made for fibroblast growth factor (FGF)-1, FGF-2, FGF-7 and hepatocyte growth factor/scatter factor (HGF/SF) binding to an octasaccharide.
Equipment and experimental procedures
QCM-D (Q-Sense AB, Göteborg, Sweden) is a gravimetric technique for measuring the mass of material in liquid adhering to a surface. The technique is based on the work of Sauerbrey [1] , who determined that a film attached to the surface of an oscillating quartz crystal caused a decrease in the frequency of the oscillations proportional to the change in mass.
where f is the change in frequency of the crystal, C is a proportionality constant, m is the change in mass and n is an overtone number. Quartz crystal microbalances are regularly used to measure the deposition of thin solid films to various surfaces, e.g. the sputtering of chromium and gold on to glass.
Measuring the adsorption of species from liquid to a solid interface was difficult, as there was a problem with the coupling of the adsorbates to the bulk liquid, which altered the frequency of oscillation independently of mass changes. Since Sauerbrey's equation is only valid for thin, rigidly attached films, in the QCM-D these problems are overcome by measuring the oscillating frequency at overtones (third, fifth and seventh) and simultaneously measuring the D of the adsorbate attached to the oscillation crystal. D is determined by switching off the voltage that drives the crystal and measuring how the voltage over the crystal decays as an exponentially damped sinusoidal.
Changes in D can be caused by two different events. The first is slipping of the adsorbate, where the change in D can be used to infer the coefficient of friction for the adsorbate. The second is the interaction of the adhered species with the liquid environment. For example, if the species adhered to the surface was long and flexible, the oscillations would be damped quicker than if they were short and rigid [2, 3] . The examples given are simplistic and describe what might be the effects, rather than why the species adhered would act in such a way. The D measurement should provide novel insights into the effects of protein binding on the glycosaminoglycan chains.
The experimental set-up consists of a thermally controlled cell, which has a simple fluidic system to allow solutions that are to be passed into the cell to reach the same temperature as the cell (T-loop), as well as an intake for direct injection, if required. The two intakes are supplied from the same reservoir.
A heparin octasaccharide was immobilized through an 11-mercaptoundecanoic acid (MUA; Sigma) self-assembled monolayer. The QCM-D crystal was incubated in 0.1 M MUA (in ethanol) for 30 min and then washed with ethanol and water. The carboxylic acid group of the selfassembled monolayer of MUA was reacted with 1-ethyl-3-(3-dimethylaminopropyl) carbodi-imide (EDC) and Nhydroxysuccinimide (NHS; prepared as in [4] ) for 20 min, and then with 1 M hydrazine for 20 min. This activation forms a hydrazide group which will react directly with the aldehyde group of the open reducing end of the octasaccharide. Finally, the surface was washed with water and incubated overnight in 5 µg/ml octasaccharide.
Following the overnight incubation the crystal was inserted into the QCM-D and washed with PBS (140 mM NaCl/10 mM NaH 2 PO 4 , pH 7.2), the growth factors were added and the binding measured over 30 min. The binding was stopped by washing with PBS. The surface was then regenerated using 2 M NaCl (in 10 mM NaH 2 PO 4 , pH 7.2) and/or 20 mM HCl to remove all bound growth factors. The experiment involved measuring the changes in frequency and D of the crystal at three, five and seven times the crystal's natural frequency of 5 MHz. Data were exported from the Q-sense software Q tools and were manipulated using Microsoft Excel. The three overtones were not averaged, but were manipulated separately. The mass constant used to calculate the adhering mass was c = 17.7 Hz −1 · cm −2 · ng.
Results and discussion
The average amounts of MUA binding to the gold crystal over 30 min at the three overtones were third = 3.4 × 10 −8 g, fifth = 3.8 × 10 −8 g and seventh = 4.2 × 10 −8 g. The addition of EDC/NHS and hydrazine did provide a change in mass and D, but the mass of the added molecules was too small to be measured accurately. The addition of growth factors to the immobilized oligosaccharide surface provided a large positive increase in mass (Figure 1 ). Similar masses of FGF-2 and FGF-1 bound to the octasaccharide (78.8 and 82.3 ng, respectively; Figure 1 ). However, considerably larger masses of HGF/SF and FGF-7 bound to the same surface (177.0 Figure 1 The change in mass and D due to the binding of FGF-1 (5 µg/ml), FGF-2 (3 µg/ml), HGF (5 µg/ml) and FGF-7 (5 µg/ml) to an octasaccharide functionalized surface The changes in mass and D were determined by subtracting the mass or D immediately before the addition of growth factor and immediately after the first wash with PBS. The surface was regenerated using 2 M NaCl in 10 mM NaH 2 PO 4 , pH 7.2, and/or 20 mM HCl after the addition of each protein. The results shown are for the third overtone.
Figure 2
The ratio of D to mass due to the binding of FGF-1 (5 µg/ml), FGF-2 (3 µg/ml), HGF (5 µg/ml) and FGF-7 (5 µg/ml) to an octasaccharide functionalized surface
The changes in D and mass were determined by subtracting the mass or D immediately before the addition of protein and immediately after the first wash with PBS. The surface was generated using 2 M NaCl in 10 mM NaH 2 PO 4 , pH 7.2, and/or 20 mM HCl after the addition of each protein. The results shown are for the third overtone. and 208.0 ng, respectively). The mass depends on both the molecular mass of each protein and the affinity of the protein for the octasaccharide. The affinity is only known for FGF-2 and HGF/SF [5, 6] . The two main reasons for changes of D are either the surface slipping or the interaction of the adsorbate with the bulk solution. As the MUA is covalently bound to the gold surface the changes in D are most likely to be due to changes in the interaction of the oligosaccharide with the bulk solution caused by the addition of the growth factors. The changes in dissipation observed upon binding of FGF-2 and HGF/SF to the octasaccharide were similar (Figure 1) . Large changes in D were observed for FGF-1 and FGF-7. The most intriguing observation is that the ratio of mass of growth factor bound to change in D was strikingly different for the growth factors (Figure 2) . Thus, relative to FGF-2, FGF-7 and, in particular, HGF/SF caused smaller changes in D, whereas FGF-1 caused a larger change in D.
The fact that D increases after growth factor binding indicates that relative to the free oligosaccharide the oligosaccharide-growth factor complexes either interact to a greater extent with the bulk solution or have a greater 'sway' as the quartz crystal oscillates. This effect is different for each growth factor, since the ratio of mass/D differs for each growth factor (Figure 2 ). This result is suggestive of the different organization of each octasaccharide-protein complex. By using QCM-D to study the model of growth factoroligosaccharide interactions, as well as of growth factor-proteoglycan interactions, we shall begin to appreciate the importance of glycosaminoglycan conformation and flexibility in their interactions.
